A series of molecular dynamics (MD) simulations have been conducted to investigate the heat transport in terms of the phonon dynamics in nanoscale silicon (Si). This work is motivated by a concern over the stagnation of heat at the drain region of nanoscopic transistors, owing to this, a large amount of optical phonons with a low group velocity are emitted from hot electrons, which are ballistically transferred through channel region. The point of this work is the explicit inclusion of the SiO 2 film in the MD simulation of the Si lattice. The calculation results show that longitudinal optical (LO) phonons decay faster as Si lattice thickness decreases and turn into acoustic phonons. In contrast, thermal diffusion rate decreases with Si lattice thickness. Both the decay rate of LO phonons and thermal diffusion rate are not governed by oxide thickness. These results imply that the phonon scattering at the SiO 2 /Si interface is enhanced by thinning the Si layer. In nanoscopic devices, a thin Si layer is effective in diminishing the optical phonons with a low group velocity, but it hinders the subsequent heat transport.
Introduction
With the rapid development in integrated circuit fabrication technology, the size of individual devices is reduced to the nanometer scale, and the channel length of devices has fallen below the phonon mean free paths. In such nanoscopic devices, electrons and phonons in the channel region are considered to travel quasi-ballistically, and phonon behavior and the manner of heat transport are changed from those observed in conventional planar bulk devices. 1) Despite this concern, the properties of the phonon, such as dispersion relation, group velocity, and relaxation time and thermal properties in nanoscopic devices have not yet been clarified in detail.
In a nanoscopic silicon metal-oxide-semiconductor field effect transistor (MOSFET) whose channel length is smaller than 100 nm, electron-phonon scattering occurs predominantly at the drain region of the transistor rather than at the channel region, because electrons transfer ballistically through the channel. According to a theoretical study, 60% of the phonons emitted from hot electrons near the drain region are longitudinal optical (LO) phonons, 2) and interactions of these phonons with hot electrons create so-called ''hotspots'', as illustrated in Fig. 1 . This is because, first, LO phonons have a lower group velocity and a higher energy than acoustic phonons that carry most of the heat in a crystal, and, second, energy transfer from LO phonons to acoustic phonons rarely occurs in such a small region, 3) because phonon mean free paths are usually longer than 100 nm. The decay rate of LO phonons into acoustic phonons poses a potential bottleneck for the heat transport 4) and limits thermal diffusion rate, and the temperature of the region rises. Since the creation of hotspots is considered to degrade the performance of transistors, 3) it is important to clarify the phonon behavior and heat transport in the nanoscopic devices.
Molecular dynamics (MD) simulation is a powerful tool to obtain the realistic pictures of the phonon behavior and heat transport in condensed materials, since it includes anharmonic effects of phonons, i.e., phonon-boundary scattering and phonon-phonon scattering. Recently, MD simulation studies have been performed actively to investigate the phonon and thermal properties in Si.
5-7,10,13) Shinha et al. 5) investigated the scattering mechanisms of LO phonons at hotspots in pure Si by the MD technique and showed that LO phonons turn into transverse acoustic (TA) and longitudinal acoustic (LA) phonons. Henry and Chen 6) studied the phonon transport properties of Si on the basis of the MD simulations and lattice dynamics. They determined the relaxation time of phonons, and summarized the frequency dependence of relaxation time at different temperatures and symmetry directions (i.e., [100], [110] , and [111]).
Concerning the heat transport in Si, it is known theoretically and experimentally that thermal conductivity decreases with the size of a Si crystal. Cantrenne et al. 7) developed an analytical model of thermal conductivity taking into account the size effect and predicted the conductivity of Si nanowire and nanofilms. The results showed that thermal conductivity decreases with the thickness or diameter of Si, agreeing reasonably with experimental data. 8, 9) The reason for the reduction of thermal conductivity is considered to be an increased phonon-interface scattering. Liu and Asheghi 10) calculated the dependence of thermal conductivity on temperature in a thin layer of Si using the Boltzmann transport equation 8, 11) and the boundary scattering reduction function.
12) The result showed a qualitative agreement with the experimental data, indicating that phonon-boundary scattering is responsible for the large reduction in thermal conductivity. Heino 13) investigated the dependence of thermal conductivity on the crystal orientation and boundary condition by MD simulation and concluded that the surface scattering is the most important factor that affects the conductivity. However, the presence of insulating oxide films that cover the Si lattice has never been considered in previous studies.
In the state-of-the-art nanoscopic devices utilizing thin film silicon-on-insulator and silicon nanowire, a large part of the Si lattice touches the oxide films whose thermal conductivity is significantly lower than that of bulk silicon, so that the energy dissipation from a hotspot may be largely restricted. To obtain a more practical situation for the nanoscopic devices, the interface between Si and the insulating oxide films should be included in the simulation systems.
In this work, a series of MD simulations are conducted to study the phonon dynamical behavior and the heat transport process in Si nano-structures including explicitly the oxide layers. We investigate how the rates of LO phonon mode decay and the subsequent thermal diffusion rate depend on the thickness of the SiO 2 films and Si lattice. Figures 2 and 3 show the models employed in the simulations of the phonon dynamics and heat transport process, respectively. Both models consist of a Si lattice sandwiched by SiO 2 films. They are built as follows. First a Si crystal model without O atoms is prepared. Second, oxide layers are formed by inserting O atoms into the midpoints of the Si-Si bond from the top and bottom surfaces in a layerby-layer manner.
Simulation Methods

Constructing SiO
The molecular force fields for the Si/SiO 2 systems are described using an interatomic potential function for Si, O mixed systems.
14) The potential is an extended version of the Stillinger-Weber (SW) potential, 15) which comprises two-and three-body potential energy terms that depend on the local environment of each atom. All parameters in the potential function are determined by ab initio molecular orbital calculations of small clusters. Details on the potential function are described in ref. 14. The extended SW potential has been employed in the large-scale modeling of SiO 2 /Si interface structures to investigate the stress properties of the SiO 2 film. 16 -20) Figure 4 shows the phonon dispersion relation of crystalline Si obtained by diagonalizing the dynamical matrix estimated using the Si subset of the extended SW potential. Although the frequency, which is given by the square root of the corresponding eigenvalue of the dynamical matrix, is slightly overestimated by the extended SW potential, the over all relation agrees qualitatively with the relation calculated on the basis of the bond-charge model.
21)
Simulation method for LO phonon decay
The simulation of the LO phonon dynamics is performed using the SiO 2 /Si/SiO 2 structure shown in Fig. 2 . A twodimensional periodic boundary condition is imposed on the system along the x-and y-directions, i.e., the system is replicated throughout the x-y plane to an infinite sheet. The Si lattice part is 3.3 nm long in the x-and y-directions. We employ two structures with different initial Si thicknesses: 3.26 and 4.34 nm in the z-direction. Here, the initial Si (a) (b) Fig. 4 . Phonon dispersion relations of crystalline Si. The dispersion curves are calculated (a) from the dynamical matrix, which is estimated using the Si subset of the extended SW potential and (b) based on the bond-charge model. 21) thickness indicates the thickness of the Si substrate before the oxide layer is formed.
A heat source including only the LO phonon mode is placed in the central region of the model to model the hotspot. The initial temperature of atoms in the hotspot region is set to 730 K, because hot electrons with energies above 60 meV is known to couple strongly with 730 K LO phonons through the intervalley scattering in Si.
3) The direction of the wave vector of the LO phonon mode is h100i. The dimensions of the heat source are 1:1 Â 1:1 Â 1:1 nm 3 . In the other region, the initial temperature of Si and O atoms is set to 0 K, thus these atoms have no kinetic energy at the beginning of the MD simulation.
MD simulation is conducted with respect to models with different thicknesses of the oxide films (3 to 12 atomic layers), and the decay rate of the LO phonon mode is compared. The decay rate of the LO phonon is calculated from the time evolution of the phonon mode amplitude Aðk; p; tÞ:
where the summation runs over the atom indices j within the heat source region, and k is the specific wave vector, r j ðtÞ the atom's position, r j0 lattice position, and p j ðk; pÞ the corresponding polarization vector. In accordance with the method of Henry and Chen, 6) we calculate relaxation time using mode amplitude. 
where Aðk; p; tÞ is the deviation from the average amplitude.
Simulation method for thermal transport process
The simulation of the thermal transport is performed using the larger SiO 2 /Si/SiO 2 structure shown in Fig. 3 . The same two-dimensional periodic boundary condition as that of the phonon dynamics simulation is used, so that the system constitutes a part of an infinite sheet structure. The unit structure is 10.9 nm long in the x-direction and 2.72 nm long in the y-direction. We employ two structures with different initial Si thicknesses: 4.34 and 5.43 nm thick in the z-direction.
To investigate the heat transport process, a heat bath is placed in the central region of the model, and the temperature of atoms in the region is kept at 750 K throughout the MD simulation. The temperature of atoms at both ends of the model is kept at 300 K. The other region is not thermostated. The width of each heat bath region is 0.54 nm. The temperatures in the hot and cold bath regions are controlled by the Nose-Hoover thermostat method [22] [23] [24] and kept constant. The directions of the initial velocity of atoms in the heat baths are randomly chosen.
Under these conditions, we performed a series of MD simulations on the systems for 10 ps to monitor how the heat of the central region diffuses into the cold baths at both ends of the system. Three models with different thickness of the oxide films (three, five, and eight layers) were employed in order to compare how heat transport in the silicon core depends on oxide thickness.
Results and Discussion
LO phonon mode decay
First, we estimate the relaxation time of LO phonons in the Si bulk using eq. (2). Here, we focus on the wave vectors that are equal to that of the original LO phonons, i.e., 0:3 Â ð2=aÞh100i, where a is the lattice constant. The frequency is 15.3 THz. The relaxation time is estimated to be 3.6 ps. This value compares well with that reported by theoretical calculations 6) and the experimental value. 25) Figure 5(a) shows the relaxation time of the LO phonons for two Si nano-structures with different initial Si thicknesses as a function of oxide thickness. It is clearly observed that the relaxation time for both models decreases as oxide thickness increases. In addition, it is found that the relaxation time in the nanostructures for the models with SiO 2 films is shorter than that of the Si bulk, i.e., 3.6 ps.
Thus, the decay rate of the localized LO phonons is affected by the presence of the SiO 2 films and increases with oxide thickness. However, it should be noted that the thickness of the Si lattice changes simultaneously with oxide thickness, because the oxide film is formed by gradually oxidizing the Si substrate. Therefore, it is unclear from Fig. 5 (a) which layer thickness is responsible for the decrease in relaxation time.
In Fig. 5(b) , the data are replotted as a function of Si ayer thickness. A better correlation than that in the plot in Fig. 5(a) is obtained. This implies that LO phonon mode decay rate is mainly determined by the thickness of the Si layer.
To investigate to which phonon mode LO phonons decay into, we analyze amplitudes of other phonon modes, i.e., LA, TA, and transverse optical (TO) phonon modes, using eq. (1). Figures 6(a) and 6(b) show the time evolutions of the amplitudes of representative modes for 3-and 8-oxidelayer systems, respectively. In Fig. 6 , doubly degenerated TA phonons (TA1 and TA2) and TO phonons (TO1 and TO2) are shown individually. It is clearly shown that a large portion of LO phonons decay into acoustic phonons, i.e., LA and TA phonons. In addition, the population transfer from LO to TO phonons rarely occurs. These trends agree with results of other Monte Carlo and MD studies 5, 26) assuming in Si bulk.
The mean amplitude of LA phonons over 1.0 ps is estimated to be 0.81 arb. unit for the 3-oxide-layer model shown in Fig. 6(a) . In the 8-oxide-layer model, it increases to 1.03. The mean amplitudes of TA phonons (the sum of TA1 and TA2) are 1.15 and 1.47 for 3-and 8-oxide-layer models, respectively. This result means that the decay of the LO mode into acoustic phonon modes is more enhanced in the thicker-oxide model.
From the mode decay simulation, it is concluded that the presence of SiO 2 films is effective to change the LO phonons into the acoustic phonons. Si layer thickness, not oxide thickness, is responsible for the decay of the LO phonon mode, and the decay rate increases with the Si layer thinning. This can be explained by the increased interfacephonon scattering. As the thickness of the Si layer decreases, the separation between the hotspot region and the SiO 2 /Si interface is reduced, and the LO phonons are frequently scattered at the interface.
The scattering at the SiO 2 /Si interface can be caused by a mismatch of phonon spectra in the Si lattice and the SiO 2 film; otherwise the oxide-induced strain near the interface may influence the scattering of the LO phonons. In order to clarify the scattering mechanism at the interface, it is required to delineate the phonon dispersion relation of the whole system including SiO 2 layers in future studies.
Heat transport
Next, we investigated the heat transport process after the LO phonon decay in the thin Si layers. In this simulation, the kinetic energy distribution in the silicon lattice is recorded for three SiO 2 /Si/SiO 2 models with different thicknesses of the oxide films (three, five, and eight layers). The spatial distribution of kinetic energies is fitted by the exponent function to estimate the thermal diffusion length (TDL) from the central heat source. This analysis is performed at 0.001, 3.0, 6.0, and 9.9 ps from the beginning of the simulation. Figure 7 shows the time evolution of TDL for two Si nano-structures with the same Si lattice thickness of 2.12 nm, but they have oxide layers with different thicknesses of 8 and 12 layers. TDL increases with the time evolution, indicating that heat diffuses to the surroundings from the central region. The TDLs in both models are nearly identical throughout the simulation process. This result indicates that TDL is not governed by the thickness of the SiO 2 film. Figure 8 shows a summary of TDLs at 9.9 ps measured for various thicknesses of the SiO 2 and Si layers. Figure 8(a) shows TDL as a function of oxide thickness. TDL seems to decrease as oxide thickness increases. However, similar to the calculation of relaxation time, this result includes the effects of both increased oxide thickness and decreased thickness of the Si lattice part. The data shown in Fig. 8(a) (a) (b) is clearly divided into two groups in terms of initial Si thickness. Figure 8(b) shows TDL as a function of the remaining Si layer thickness, which shows better correlation than the plot shown in Fig. 8(a) . The result suggests that TDL is dominantly determined by the thickness of the remaining Si layer, i.e., heat diffusion is more impeded in thinner Si lattices.
For the simulation on heat transport, we can conclude that the thermal conductivity in Si nano-structures covered with SiO 2 films decreases with Si lattice thickness and is not governed by the thickness of the SiO 2 film. The result can be attributed to increased phonon-interface scattering, similar to light in previous works, 10, 13) and reduced group velocity, which was not mainly discussed in previous works. Considering the SiO 2 films, group velocity would be modified owing to the strain caused in the Si lattice 27) and this may influence the reduction of thermal conductivity. The presence of the SiO 2 films causes the changes in scattering rate and phonon group velocity and problems in the heat transport in nanoscopic devices.
Combining the results of the simulations performed in this work, it is concluded that both the LO mode decay and thermal diffusion rates are dominantly controlled by the Si layer thickness, not oxide thickness. In addition, the presence of the SiO 2 films promotes the diminution of the LO phonons, but retards the subsequent thermal diffusion process.
Conclusions
A series of MD simulations were conducted to investigate the dynamics of phonon behavior and the heat transport process in the Si nano-structure covered with SiO 2 films. We investigated the relaxation rate of LO phonon and TDL as functions of the thickness of the SiO 2 and Si lattice layers. To model the hotspot, we placed the heat source in the simulation systems and estimated relaxation time and TDL. It was found that the decay rate of LO phonons increased as the Si lattice part thin downs. The LO phonons predominantly decayed into acoustic phonons. In the simulation on heat transport, it is revealed that thermal diffusion rate decreased with the thickness of the Si lattice part. Both the decay rate of localized LO phonon and thermal diffusion rate are not governed by oxide thickness and they are determined by only the thickness of the Si layer part. These results may be due to the increased phonon-interface scattering, as determined by considering the SiO 2 /Si interface.
The results reveal that the presence of the SiO 2 films is effective in promoting the decay of LO phonons but it hinders the subsequent thermal diffusion. 
